Benzylamine oxidase from pig plasma has been studied by a variety of chemical 
Properties of Cupric Ions in Benzylamine
, though the physiological substrate is unknown. Benzylamine oxidase catalyses oxidative deamination through a Ping Pong mechanism (Taylor et al., 1972) ; addition of the amine substrate leads to formation of a reduced enzyme intermediate that is subsequently re-oxidized by 02 in a rate-limiting step (Lindstrom et al., , 1974a . The purified enzyme has mol.wt. approx. 190000 (Buffoni & Blaschko, 1964) ; preliminary results indicate that there are two subunits each of mol.wt. 95000 (Boden et al., 1973) . The enzyme contains pyridoxal phosphate (Blaschko & Buffoni, 1965; and copper (Buffoni & Blaschko, 1964; Buffoni et al., 1968; Boden et al., 1973) . There is some controversy over the number of molecules of pyridoxal phosphate bound to the enzyme Buffoni & Ignesti, 1975; Neumann et al., 1975) ; however, the extensive kinetic studies by Pettersson and his co-workers indicate that reduction of the enzyme involves Schiff-base formation between Abbreviation used: pipes, 1 ,4-Piperazinediethanesulphonic acid.
Vol. 177 enzyme-bound pyridoxal phosphate and the amine substrate (Olsson et al., 1976) . It is generally agreed that there are 2 mol of Cu2+ per mol of enzyme (Buffoni et al., 1968; Boden et al., 1973; Lindstrom & Pettersson, 1974) , but little is known about the structure of the Cu2+ sites or their functional role.
We have previously presented magnetic-resonance evidence which suggests that the two Cu2+ sites in the enzyme are structurally distinct (Boden et al., 1973) and accessible to exchanging water molecules (Boden et al., 1974) . The present paper gives the results of more detailed magnetic-resonance measurements together with kinetic studies that provide new information on the properties of the Cu2+ sites. Each Cu2+ ion is co-ordinated by one axial and one equatorial water molecule and by ligands from the polypeptide chain. The Benzylamine oxidase was prepared by a modification of the method of Buffoni & Blaschko (1964) , which has been described by Taylor et al. (1972) , and stored at 277K as an (NH4)2SO4 suspension. The enzyme was judged to be homogeneous by analytical ultracentrifugation and polyacrylamide-gel disc electrophoresis by the procedure of Weber & Osborn (1969) . Caeruloplasmin, the other major coppercontaining protein in serum, was assayed by the procedure described by Curzon (1966) and shown to be absent from the purified benzylamine oxidase. The enzyme used for all the experiments had a specific activity <0.097 unit/mg of protein, a unit being defined as the amount of enzyme required to catalyse the production of 1 ,umol of benzaldehyde/ min at 298 K under the standard assay conditions of Tabor et al. (1954) . Protein concentrations were determined by the method of Warburg & Christian (1941) corrected by a factor of 0.75 obtained by comparison with gravimetric measurements (Taylor et al., 1972) .
Methods
Copper analysis. Quantitative determination of the copper content of the native enzyme was made by using the e.s.r. integration procedure of Wyard (1965) with 2mM-Cu2+ in 25mM-EDTA (disodium salt) as standard. The copper content was confirmed by chemical analysis (Van de Bogart & Beinert, 1967) .
Analytical ultracentrifugation. Samples were prepared by dialysis of enzyme against potassium phosphate buffer (0.05M, pH7.0) containing 0.1M-KCl. For studies of dissociation conditions, the following reagents were introduced before dialysis: urea (8.0M), guanidinium chloride (6.0M), /J-mercaptoethanol (0.1 M),p-chloromercuribenzoate (1 mM) or amphetamine sulphate (2mM). Attempts to prepare enzyme depleted in copper were made by dialysis at 277 K for 12h against potassium phosphate buffer (0.01 M, pH 7.0) containing sodium diethyldithiocarbamate (0.01 M) before dialysis against the phosphate buffer containing KCI. Sedimentation-velocity and sedimentation-equilibrium measurements (Yphantis, 1964) were made on a Beckman model-E analytical ultracentrifuge at 292.0K. The value of the partial specific volume, i, used for calculations of molecular weight was determined by the procedure of Edelstein & Schachman (1967) , which utilized comparison of the sedimentation velocity in solutions prepared with 'H2O and 2H20 respectively; v was also calculated-from the amino acid composition of the enzyme (Blaschko & Buffoni, 1965) assuming a carbohydrate composition similar to that of amine oxidase from bovine plasma (Watanabe & Yasunobu, 1970) .
Subunit composition. The molecular weights of the subunits were determined by the sodium dodecyl sulphate polyacrylamide-gel electrophoresis procedure of Weber & Osborn (1969) ; ,8-galactosidase, bovine serum albumin, glutamate dehydrogenase and aldolase were used as standards. Isoelectric focusing (pH range 3.5-9.5) was carried out as described by Vesterberg (1972) Preparation of samples for kinetic and magneticresonance experiments. The enzyme from the stock (NH4)2SO4 suspension was dialysed at 277K for 16h against a 1000-volume excess of potassium phosphate buffer (0.05M, pH 7.0 at 293K). For the kinetic investigations, fresh enzyme was dialysed daily. Samples for both e.s.r. and n.m.r. studies were passed through a column (6cm x 1 cm) of Chelex-100 resin to remove any extraneously bound metal ions, then vacuum-dialysed to the desired concentration. Control experiments showed that Chelex-100 treatment had no effect on the enzyme activity. In the e.s.r. studies, the enzyme concentration was between 0.7 and 1.4mM; the titrations with azide and cyanide were carried out by thawing the frozen enzyme, adding the inhibitor from a Hamilton syringe (10,u1 capacity), mixing and re-freezing. Evostik (Evode, Stafford, U.K.). The absolute 02 concentrations were determined polarographically as described previously (Taylor et al., 1972) . The kinetic data were assessed by using an iterative fitting procedure described by Cleland (1967) .
E.s.r. spectroscopy. X-band (9GHz) spectra were run on a Decca Xl spectrometer (Decca Radar, Walton-on-Thames, Surrey, U.K.) in conjunction with a Varian 23cm magnet and Fieldial sweep unit (Varian Associates, Walton-on-Thames, Surrey, U.K.). The operating conditions used were: temperature lOOK, microwave power 6.4mW and lOOkHz modulation amplitude of 2.2mT. The magnetic field was calibrated with a proton magnetometer (Newport Instruments, Newport Pagnell, Bucks., U.K.) and the frequency with a wavemeter (Decca Radar). Q-band (35GHz) spectra were run on a Varian 4500 series spectrometer fitted with a low-temperature assembly for cooling the cavity. The operating conditions used were: temperature 150K (approx.), microwave power 50mW and 100kHz modulation amplitude of 2.OmT.
Computer simulation of e.s.r. spectra. The program written by Venables (1967) for polycrystalline samples of transition-metal ions in sites of rhombic or higher symmetry was modified for use on the PDP-11 visual-display system (Digital Equipment Corporation, Galway, Ireland) . This modified program had facilities to mix two simulated spectra in any proportions; the calculated spectrum could be compared with the experimental one on the display.
Vol. 177
Nuclear-magnetic-relaxation measurements. The 1H nuclear-magnetic-relaxation measurements were made at 10, 30 and 60MHz with a Bruker B-KR 306 s pulse spectrometer. Spin-lattice relaxation times (T1) were measured by the standard 90'-T-90' pulse sequence and the transverse relaxation times ( T2) by the Meiboom-Gill modification of the CarrPurcell spin-echo experiment. The values of T2 were independent of pulse spacing over the range 5 x 10-2 to 10's. The temperature of the sample was controlled by an N2-gas flow system whereas reducing or thiol-blocking reagents have no effect: amphetamine, which has been shown to be a competitive inhibitor against benzylamine binding to the enzyme (Rasmussen, 1975) , also shows no effect on the quaternary structure.
The molecular weight of the subunits produced by dissociation in 6.0M-guanidinium chloride was determined by sedimentation equilibrium to be 97500+ 3000, assuming a value of 0.715 ml/g for v. The logcagainst-r2 plot was linear, indicating a single species.
From sodium dodecyl sulphate/polyacrylamidegel electrophoresis, the molecular weight of the subunits was estimated to be approx. 97000. Isoelectric focusing in 6.0M-urea revealed the presence of a single species.
The above results suggest that the enzyme has mol.wt. approx. 186000 and can be dissociated into two polypeptide chains with identical primary structure.
0.1T g=2 AI E.s.r. studies at 35 GHz (i) Spectrum of the native enzyme. Fig. 1 gives a comparison of observed (Fig. 1 c) and calculated ( Fig. lb) spectra of the native enzyme; Fig. 1(b) was obtained by mixing equal proportions of axially symmetric and rhombic components (the parameters used are given in Table 1 ) as illustrated in Fig. l(a) . It is apparent that the two Cu2+ ions are located in non-identical chemical environments, one of axial and the other of rhombic symmetry. Attempts to fit the spectra assuming identical sites of rhombic symmetry or non-identical sites of axial symmetry were unsuccessful. The 1: 1 stoicheiometry of the axial and rhombic components and the similar e.s.r. spectrum observed when the non-complexing buffer Pipes (2mM, pH7.0 at 293K) was used in place of phosphate buffer eliminates the possibility that the dissimilar Cu2+ sites are due to complexing with buffer.
Comparison of thegZ. and g,1 values of the rhombic and axial components respectively, given in Table 1 , with those of model Cu2+ complexes (Barbucci & Campbell, 1976) tentatively suggests that both Cu2+ 0.1 T i~~~~~~~~~~~~~~~g= 2 (ii) Dependence ofthe spectrum on pH. Fig. 2 parameters used are given in Table 1 . Intermediate spectra (illustrated by Fig. 4b tributions from axial and rhombic forms with the spectral parameters given in Table 1 (section iii). All samples were prepared in 50mM-potassium phosphate buffer and the ionic strength was adjusted with KCI.
Vol. 177 (Barbucci & Campbell, 1976) . The simplest explanation is that azide replaces a water molecule co-ordinated to each Cu2+.
The dissociation constant, KD, for the azideenzyme complex calculated from the e.s.r. measurements is 3.2mM; this value is in apparent agreement with the value similarly determined by Lindstrom et al. (1974b) . However, these values are not considered to be reliable, owing to the phase and pH changes on freezing (Williams-Smith et al., 1977) . KD also depends on temperature, so that the values determined by e.s.r. studies at 150K may differ from those obtained at 298 K. Table 1 . Intermediate spectra, illustrated by Fig. 5(b) , were simulated by mixing the native spectrum (Fig. 5a ) and final inhibited spectrum (Fig. Sc) Cleland (1963 Cleland ( , 1970 ) is used in the discussion of these results.
It is well established that pig plasma benzylamine oxidase operates through a Ping Pong mechanism; this conclusion was drawn from initial-velocity studies (Taylor et al., 1972) , and has been confirmed by spectrophotometric titration studies , which showed two stable enzyme forms. The enzyme shuttles between an oxidized form that is reduced by the amine substrate and a form reoxidized via a pathway involving molecular 02-There is some dispute over the order of product release (Taylor etal., 1972; Lindstrom et al., 1974a,b) , though this does not influence the validity of the Lindstrom et al. (1974b) , which showed that azide concentrations up to 10Omm had no effect on the rate of reduction of enzyme by benzylamine or on the reactivity of the carbonyl grouping believed to be involved in this reduction step, are also consistent with this conclusion. The value of K, determined from the experiments with 02 as the variable substrate (84 ± 16mM) is the dissociation constant for azide binding to the enzyme (Cleland, 1963) .
The cyanide-inhibition patterns are more complex. 
103 x l/(Absolute temperature) (K-) Fig. 9 . Temperature-dependence of the normalized paramagnetic contributions to the water-proton spin-relaxation rates measured in aqueous solutions of native benzylamine oxidase, pH7.0
The solid lines were calculated by using eqns. (1)- (6) with the results given in (Koenig, 1972) ; it will here be treated empirically. The following two qualitative explanations for the behaviour of (pmT.p')-are suggested by eqns. (2) and (3) (Luz & Shulman, 1965) for the scalar coupling constant A/h in ACOr = S(S+ )ysAw1 3kTy1h we find AOm2' T2m2,Tm2 (Bloembergen, 1957) ].
For T2m-1 we use the Solomon-Bloembergen equation (Solomon, 1955; Bloembergen, 1957) (Bloembergen, 1957) for most copper complexes, the former would appear more plausible. Nevertheless, no matter what the explanation is for the behaviour of (PmT2p)-1, condition (ii) must be valid for (pmTp1)-.
It is not realistic to attempt to fit the experimental measurements by using a model of distinguishable Cu2+ sites, as this would involve 12 adjustable parameters. We have, therefore, assumed that, to a first approximation, the two sites may be treated as identical and fitted eqns. (2), (4) and (6) to the measurements given in Fig. 9 . The solid lines drawn through the experimental points have been calculated from the best-fit parameters obtained in this way, and are summarized in Table 3 . The sudden decrease in (pmTip)-1 in the region of 320K is not accounted for by the above model, although it does predict a maximum at higher temperatures. This behaviour may arise from a reversible structural change at the Cu2+ sites that could be a precursor to the irreversible denaturation occurring at temperatures above 340K.
The (PmTip)-l measurements in aqueous solutions of the denatured protein are characteristically different, as illustrated in Fig. 10 . The parameters in Table 3 are not necessarily unique; indeed, the activation energies for both T, and Tm are unrealistic. The value obtained for Tm 2 x 101 s is, however, unequivocal. 103 X 1/(Absolute temperature) (K-') Fig. 10 . Comparison of the temperature-dependence of the normalized paranagnetic contribution to the water-proton spin-lattice-relaxation rates at 30MHz in aqueous solutions of benzylamine oxidase, pH7.0, before (U) and after (-) denaturation by heating to 340K
2. Dependence on pH. Fig. 11 illustrates how both (pmTip)-I and (pmT2p)-1 vary with pH at 298K and 30MHz. Both rates show a sudden decrease by a factor of 2 centred on pH 8. The apparent activation energy for (pmT4p)-1 is independent of pH, as shown in Fig. 12 . 3. Effects of inhibitors. (i) Amphetamine sulphate. The effect of added substrate benzylamine on the proton-relaxation rates was not investigated, owing to enzyme-catalysed substrate turnover; instead, the effect of amphetamine sulphate, a competitive inhibitor against benzylamine binding (Rasmussen, 1975) , has been studied. There was no effect on (pmTjp)-' for concentrations of amphetamine sulphate up to a 20-fold molar excess over enzyme.
(ii) Azide and cyanide. The addition of azide or cyanide has a marked effect on (pmTip)-1, as can be seen in Figs. 13 and 14 respectively, which show how the ratio (pmTip*)-11(pmTip)-1 (where the asterisk denotes the presence of added ion) varies with inhibitor concentration. These titration curves extrapolateto T1,IT1p* = 0.5 at infinite inhibitor concentration, indicating binding to half the water-co-ordination sites. The possibility that the observed effects might originate from a change in T, may be discounted, since the profiles of the frequency-dispersion curves of T1p for the native and azide-inhibited enzyme are similar (Fig. 15) Further support for the conclusion that Tr does not change on addition of azide comes from the observation that the apparent activation energy is unaffected by the presence of azide (Fig. 16) .
Values for the Cu2+-inhibitor dissociation constant, KD, have been obtained from the measurements in Figs. 13 and 14 by using the expression (Dwek, 1973) :
where (Tlpl TIP*).0 is the value of ( Tp/ T1p*) at infinite ligand concentration [L] . The values of KD obtained for azide and cyanii are 48 15 mm and 0.7 ± 0.3 mM respectively. These values are compared with the kinetic inhibitor constants in Table 5 .
(iii) Other potential copper-complexing ligands. In contrast with the behaviour of CN-and N3-ions, saturation of the solutions with SCN-or F-had no effect on either the enzymic activity or the proton spin-relaxation rates. These possibilities can be distinguished through the results of the titration experiments with cyanide at pH 7.0 and 9.0 (Fig. 14) . In the case of (a), the addition of CN-will either decrease (pmT,p)-l to zero or leave it unaffected, whereas if (b) is correct (PmTip)-1 will be decreased by a factor of 2 at both Temperature jump (Diebler & Rosen, 1972) 3.0 3.2 3.4 3.6 103 x l/(Absolute temperature) (K-) bound water protons. For cyanide and azide, the extrapolated value for T1,/T1*, at infinite inhibitor concentration is 0.5 (see Figs. 13 and 14) . Clearly, not all of the water molecules bound to the two Cu2+ ions are displaced by these inhibitors. There are again two possible explanations: (a) only water molecules coordinated to one of the two Cu2+ ions can be displaced; this is consistent with the e.s.r. measurements indicating that two Cu2+ sites are distinguishable, or (b) each Cu2+ ion has at least two co-ordinated water molecules differing in their reactivity with the inhibitor.
Explanation (a) requires that one of the two CQ2+ sites is accessible to solvent water but inaccessible to the inhibitors. There is no chemical basis for this assertion. The second explanation is consistent with the known properties of axial and equatorial water molecules co-ordinated to Cu2+. The association constants for substitution of axially co-ordinated water molecules are unfavourable; for the successive displacement of water by ammonia in Cu(H20)62+, only the four equatorial water molecules are readily substituted (Cotton & Wilkinson, 1966) . It is, there- Fig. 16 . Comparison of the temperature-dependence of the paramagnetic contribution to the water-proton spin-latticerelaxation rates at 30mHz in aqueous solutions of benzylamine oxidase at pH7.0 in the absence (U) and presence (0) of 15 mM-sodium azide Table 4 ). The profile of the curve in Fig. 11 is too steep to be described in terms of a single deprotonation process, but is consistent with ionization of two chemical species whose pK values are similar (Edsall & Wyman, 1958) . This implies different pK values, yet within the pH range 8-9, for the axially and equatorially bound water molecules. The similarity of these pK values is less than would be expected from the behaviour of axially and equatorially bound water molecules in model Cu2+ complexes (Paoletti et al., 1973; Brookes & Pettit, 1975 (Noack et al., 1971; Lin et al., 1975) . This apparent rigidity of the Cu2+ sites could account for the low catalytic rate constant (0.2s-1) for the enzyme. In contrast, the Cu2+ sites in superoxide dismutase from bovine erythrocytes appear to be 'fluxional', which could explain the high catalytic rate of this enzyme (Boden et al., 1979) .
Function of the copper sites in the catalytic mechanism ofbenzylamine oxidase
The effects of azide and cyanide on the e.s.r. spectrum of the native enzyme and on the nuclear spin-relaxation measurements, taken with the effects of these reagents as competitive inhibitors to oxygen binding by the enzyme, implicate the copper sites in oxygen binding. Further support for this conclusion comes from comparison of the values of KD for the azide and cyanide complexes as determined by n.m.r. and by steady-state kinetics (see Table 5 ). These measurements are in reasonable agreement, given that the conditions of temperature and pH are not identical. Our kinetic and magnetic-resonance experiments indicate that azide and cyanide inhibit benzylamine oxidase through displacement of water molecules co-ordinated to copper, a reaction that competitively inhibits reaction with oxygen. Thus the copper sites in benzylamine oxidase must be involved in the re-oxidation by oxygen of the enzyme species produced through reduction by amine.
